Abstract Purpose: The computation of lung recruitability in acute respiratory distress syndrome (ARDS) is advocated to set positive end-expiratory pressure (PEEP) for preventing lung collapse. The quantitative lung CT scan, obtained by manual image processing, is the reference method but it is time consuming. The aim of this study was to evaluate the accuracy of a visual anatomical analysis compared with a quantitative lung CT scan analysis in assessing lung recruitability. Methods: Fifty sets of two complete lung CT scans of ALI/ARDS patients computing lung recruitment were analyzed. Lung recruitability computed at an airway pressure of 5 and 45 cmH 2 O was defined as the percentage decrease in the collapsed/ consolidated lung parenchyma assessed by two expert radiologists using a visual anatomical analysis and as the decrease in not aerated lung regions using a quantitative analysis computed by dedicated software.
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Introduction
The recommended ventilator management in acute respiratory distress syndrome (ARDS) combines the use of a low tidal volume ventilation to avoid overstressoverdistension [1, 2] , with an adequate level of positive end-expiratory pressure (PEEP) to avoid cycling opening/ closing and collapse of alveolar units [3] .
Several methods have been suggested to evaluate the PEEP-induced lung recruitment [4] . Owing to its simplicity the multiple pressure-volume curve has been proposed as an adequate surrogate for the estimation of lung recruitment [5, 6] . However, it may underestimate lung recruitment in patients with focal aeration loss [7] . Electrical impedance tomography provides noninvasive real-time imaging of pulmonary inflation which could predict the lung recruitability [8] , but it computes only a small fraction of the lung and is affected by the movements of intrathoracic blood due to the application of PEEP. Recently, Bouhemad et al. [9] showed that PEEPinduced lung recruitment estimated by transthoracic lung ultrasound was related to the one computed by the pressure-volume curves.
Thus at the present time, quantitative lung CT scan analysis remains the reference method for computing PEEP-induced lung recruitment [10, 11] . However, this analysis requires dedicated software and a manual delineation of the perimeter of the lungs in each CT image [10] . Thus, up to 6 h is often required to complete lung CT scan computation [12] . Consequently, because of the time required, quantitative lung CT scan analysis remains only a research tool. To increase the feasibility of using the lung CT scan as a clinical tool to estimate the PEEP-induced lung recruitment, in this study we evaluated the accuracy of a visual anatomical lung CT scan analysis compared to a quantitative lung CT scan analysis. This new analysis, which is based on the visual assessment of consolidated/ collapsed regions on CT lung images, does not require any dedicated software or a manual delineation of the lung. Thus, this simple bedside analysis could favor the increase of the use of lung CT scan as a reliable method to estimate the lung recruitability and to set PEEP for preventing the lung collapse.
Patients and methods
Fifty sets of two complete lung CT scans of ALI/ARDS patients were analyzed, randomly taken from a database of a multicenter study investigating lung recruitment [11] and from a database of unpublished data investigating the effect of PEEP (www.clinicaltrial.gov number INTC0068 2942). All patients met the standard criteria for ALI/ ARDS [13] . The exclusion criteria were an age of less than 16 years, pregnancy, and chronic obstructive pulmonary disease. The patients were studied at two university hospitals (Italy and Germany) after approval by the local institutional review boards according to the national regulations of each institution had been given.
CT scan
Sedated and paralyzed patients underwent two whole lung CT scans. The CT scanner was set with the following parameters: collimation 5 mm, interval 5 mm, bed speed 15 mm/s, voltage 140 kV, and current 240 mA. The first lung CT scan was performed at an inspiratory plateau pressure of 45 cmH 2 O during an end-inspiratory pause and the second one at a PEEP value of 5 cmH 2 O during an end-expiratory pause. Baseline ventilation was set according to the clinical treatment. Ventilator settings were kept unchanged throughout the study.
In addition each patient was classified by the two radiologists as presenting a lobar or patchy distribution of consolidation/collapse in the lung [14] .
Visual anatomical lung CT scan analysis
The consolidated/collapsed lung region appears, on lung CT images, as a zone of increased pulmonary attenuation in which both the margins of vessels and the airway walls are not visible [15] . The lung recruitability was computed as the difference in the percentage of consolidated/collapsed tissue passing from an airway pressure of 5 to 45 cmH 2 O, obtained as the mean of values assigned by two expert radiologists [11] . The lung CT images were visualized by using a freely available piece of software (Efilm workstation, Canada).
The two radiologists visually assessed the percentage of consolidated/collapsed region in each bronchopulmonary segment unaware of the quantitative lung CT scan analysis evaluation. A visual four-step scale (0-25, 25-50, 50-75, and 75-100 %) was used to quantify the percentage of the collapsed/consolidated tissue in each segment of the lung. The percentage of consolidated/ collapsed tissue of each bronchopulmonary segment was multiplied to the estimated volume percentage of each pulmonary segment with respect to the total lung volume [16] . The total consolidated/collapsed lung percentage was then obtained as the sum of the segment percentages.
Briefly, in the lung there are 18 bronchopulmonary segments which constituted the six lung lobes (right upper, medial, lower lobes, and left upper, lower, and lingula lobes) (see Electronic supplementary material for a more detailed description).
Visual identification of bronchopulmonary segments
On lung CT images, the bronchopulmonary segments are easily centrally identified by the distribution of their segmental bronchi, which arise from the lobar bronchus of the tracheobronchial tree [17] . The bronchopulmonary segments which constitute a single lobe were arbitrarily considered to have the same volume. Only axial scans were used for visual analysis.
In the right lung, in axial scan craniocaudally, the apical segment of the upper lobe was arbitrarily identified as the lung parenchyma between the lung apex and the visualization of the anterior and posterior segmental bronchi (Fig. 1a) . The anterior (ventral half) and posterior (dorsal half) segments of the upper lobe were identified with their bronchus which course horizontally in the transaxial plane (Fig. 1b) .
Caudally to the upper lobe, the medial (more ventral) and lateral segments (more dorsal) of the middle lobe are identified by the presence of their bronchi in the same transaxial plane (Fig. 1c) . The superior segment of the inferior lobe is localized dorsally to the major right fissure and it extends inferiorly to the branching of the inferior lobe bronchus (Fig. 1c) . Caudally to this point, the basal segments of the lower lobe extend to the diaphragm (Fig. 1d) . The relative position of these segments is identified by the position of their segmentary bronchi which is quite stable. Reading anticlockwise they are the anterior, lateral, posterior, and medial segments (Fig. 1d ).
In the left lung the apical-posterior segment was identified between the lung apex and the visualization of the apical and posterior bronchi (Fig. 1a) . The anterior segment of the upper lobe is recognized in the ventral half of the axial scan in which both the apical and anterior segmental bronchi are visible (Fig. 1b) . In the same CT scan the dorsal half represents the continuation of the apical-posterior segment (Fig. 1b) .
The superior segment of the inferior left lobe is identified dorsally to the major left fissure, to the branching of the lower lobar bronchus (Fig. 1b, c) . Craniocaudally the basal segments of left inferior lobe extend from the branching of the inferior bronchus to the diaphragm. Reading clockwise they are anterior medial, lateral, and posterior segments (Fig. 1d) .
The lung parenchyma localized at the left of the heart chambers and anteriorly to the fissure is the lingula. Its L-s lingula, superior segment; LIL-s left inferior lobe, superior segment. d RML-m right medium lobe, medial segment; RML-l right medium lobe, lateral segment; RIL-an right inferior lobe, anterior segment; RIL-m right inferior lobe, medial segment. RIL-p right inferior lobe, posterior segment; RIL-l right inferior lobe, lateral segment. L-i lingula, inferior segment; LIL-am left inferior lobe, anteromedial segment; LIL-l left inferior lobe, lateral segment; LIL-p left inferior lobe, posterior segment cranial 50 % is the superior segment whereas the remaining is the inferior segment (Fig. 1c, d ).
Quantitative lung CT scan analysis By using a custom designed software package, each crosssectional lung CT image was manually delineated, excluding pleural effusions, hilar and mediastinal structures by two investigators [11] . The tissue weight of lung regions with different degrees of inflation was calculated [11] . The lung regions were classified as not aerated (density between ?100 and -100 Hounsfield units (HU)), poorly aerated (density between -101 and -500 HU), normally aerated (density between -501 and -900 HU), and hyperinflated (density between -901 and -1,000 HU).
The lung recruitability was computed as the ratio between the decrease in tissue weight of not aerated lung regions passing from an airway pressure of 5 to 45 cmH 2 O and the total lung weight at 5 cmH 2 O [11] .
Statistical analysis
Data with normal distribution are expressed as mean ± SD or as median in the case of not normal distribution. The interobserver agreement between the two radiologists was assessed using the kappa coefficient test [18] . The lung recruitability computed by the visual anatomical and by the quantitative analysis was compared according to Bland-Altman analysis together with the Passing-Bablok nonparametric regression and concordance correlation coefficient [19] . Receiver operating characteristics (ROC) curve was plotted and area under the curve (AUC) was estimated, which may vary from 0.5 (poor discrimination) to 1 (perfect discrimination) [20] .
The accuracy between the two analyses was computed as follows: sensitivity = [true positive/(true positive ? false negative)]; specificity = [true negative/(true negative ? false positive)]; and diagnostic accuracy = [(true positive ? true negative)/(true positive ? false negative ? true negative ? false positive)].
All statistical tests were performed with SAS(R) version 9.2 (SAS Institute Inc., Cary, NC, USA). With 50 patients it has been possible to demonstrate a proportional error between the two measurement methods of about 0.40 at a significance of 0.05 (two tailed) and a power of about 0.80 by means of a correlation analysis between the difference and the means of the two measures.
Results
Fifty patients were studied. Table 1 shows the main characteristics of the whole population and divided according to the distribution of consolidated/collapsed lung tissue in the lung (patchy and lobar distribution).
The interobserver agreement between the two radiologists for estimating lung recruitability lower and higher than 9 % was moderate as attested by a kappa coefficient of 0.62. (Fig. 2) .
In the Bland-Altman analysis, the bias and agreement bands (between brackets) for the visual anatomical and the quantitative analysis were -2.9 % (-11.8 to ?5.9 %) (Fig. 3) .
The concordance correlation coefficient (CCC) was 0.86162 (95 % CI 0.77911-0.91479), resulting in a sample variability of 37 %.
Considering the distribution of consolidation/collapse lung tissue, the bias and agreement bands for the visual anatomical and the quantitative analysis were -2.4 % (-11.5 to ?6.6) and -3.6 % (-11.8 to 4.6) for patients with lobar and patchy distribution, respectively.
The ROC curve showed that the optimal cutoff value for the visual anatomical analysis for predicting patients with high lung recruitability was 8.9 % (area under the ROC curve = 0.9248, 95 % CI = 0.8550-0.9946) (Fig. 4) . Considering this cutoff, there were 24 true positives, six false positives, 19 true negatives, and one false negative; thus the sensitivity, specificity, and diagnostic accuracy were 0. 
Discussion
This study showed an acceptable accuracy of visual anatomical analysis in detecting patients with high and low recruitable lung. The use of this simple analysis could allow a significantly wider use of lung CT to predict lung recruitability in patients with acute lung injury. The inflammatory edema in ARDS promotes alveolar collapse in the more dependent lung regions at various extensions [21] . By counterbalancing the increased compressive lung force, PEEP can limit opening/closing and alveolar collapse during the respiratory cycle, which have been recognized as factors promoting lung injury [22, 23] . Experimental animal studies, characterized by extensive edema and collapse, showed that higher PEEP levels (i.e., 10-15 cmH 2 O) prevented ventilator-induced lung injury [24, 25] . Conversely several randomized clinical trials failed to find any efficacy of higher PEEP compared to lower PEEP levels in patients with acute lung injury [26] [27] [28] , suggesting that only a minority of these patients (30) 12 (41) 3 (14) 0.080 Trauma 6 (12) 4 (14) 2 (10) 1.00 Postoperative patients, n (%) 7 (14) Intensive care mortality, n (%)
18 (36) 10 ( are characterized by a great amount of alveolar collapse which could benefit from high PEEP levels [29] . In addition a recent study showed that high PEEP levels significantly decreased the opening and closing tissue without significantly increasing alveolar inflation only in patients with higher compared to lower lung recruitability [30] . Therefore the knowledge of lung recruitability may impact the mechanical ventilation setting [11] . Different methods such as the pressure-volume curve of the respiratory system [5, 6] , the use of electrical impedance tomography [8, 31] , nitrogen washout/washin technique [32] , and transthoracic lung ultrasound [9] have been proposed to estimate lung recruitability [4] . Although lung CT scan requires the transportation of patients and exposure to radiation, it remains the reference method for assessing lung recruitability [11] . Lung recruitability is computed using dedicated software [10, 11, 33] . However, contrary to healthy or emphysematous lung, in which an automatic segmentation of lung CT images is possible [34] [35] [36] , in an ARDS lung a manual delineation separating the lung parenchyma from the pleural effusion, rib cage, or soft tissue is required because the software is not able to differentiate the not inflated tissue and pleural effusion because they present similar HU values. Considering a whole lung CT scan the number of images that must be delineated usually ranges from 40 to 60, depending on the height of the subject, the thickness and the interval of the images. Thus the quantitative analysis is very laborious and time consuming, which precludes its use in the daily patient management [35, 37, 38] . In order to expand the possibility to use the quantitative analysis to estimate lung recruitment, Lu et al. studied only one or three lung CT images instead of the whole lung CT scan, which required a significantly lower time [7] . However, the agreement was poor because of the inhomogeneous distribution of the disease in the lung parenchyma [7, 21] .
Owing to the linear correlation between the CT attenuation and the density of the lung [37] , we tested the accuracy of a visual assessment of percentage of consolidated/collapsed areas compared to a quantitative analysis. The consolidated/collapsed areas, which radiologically appear as areas of homogeneous decrease of lung attenuation, correspond to not aerated lung regions in the quantitative analysis. We used an upper limit of airway pressure of 45 cmH 2 O because at this pressure almost 100 % of opening pressure is reached [39] . On the contrary at lower airway pressures a lower estimation of lung recruitment would be obtained.
We found that agreement between the two operators performing the visual anatomical analysis was acceptable, although lower than those previously reported for the quantitative analysis (\2 %) [11] . However, a similar agreement was found by using the transthoracic lung ultrasound to detect lung recruitment [9] and to study the diaphragmatic motion [40] . This could be due to the high variability both in the anatomic localization of lobes and bronchopulmonary segments and in the visual assessment of the amount of consolidated/collapsed lung tissue in the CT images.
Although a relationship was found between the visual anatomical and the quantitative CT lung analysis in the present study, the Bland-Altman analysis showed that on average the visual anatomical analysis underestimated the recruitable lung compared to the lung CT scan and this error increased with increasing the recruitable lung. The limits of agreement ranged from -11.8 to 5.9 %. If we also divide patients according to a lobar or patchy distribution of the collapse/consolidation the accuracy of the visual anatomical analysis was similar. Similarly data were also found with the application of the transthoracic lung ultrasound in which the use of a visual reaeration score was able to predict with a sufficient accuracy the lung recruitability, dividing patients with high or low recruitability [9] .
In clinical practice it is important to have a system of analysis which allows one to discriminate patients with high or low recruitable lung and not to compute the exact amount of recruitable lung which could translate into clinical practice by using lower PEEP in patients with low recruitability and conversely higher PEEP in patients with high recruitability. The specificity of the visual anatomical analysis was lower than the sensitivity causing a higher number of patients that would erroneously be identified as high recruiters. However, it would be better to set an inappropriately high PEEP in patients with low Fig. 4 Receiver operating characteristic curve for lung recruitability, mean visual anatomical lung CT scan analysis recruitability causing possible lung overdistension and hemodynamic impairment than the risk of not applying high PEEP in patients with high recruitability promoting intratidal collapse which is widely recognized as a damaging factor [11, 22, 23, 30, 41] .
In a previous study using quantitative lung CT analysis, Gattinoni et al. [11] classified patients as higher or lower recruiters using the median value of recruitable lung which was 9 %. By using the present anatomical visual analysis, considering a cutoff value of 8.9 % which is very similar to that used in the previous study [11] , we were able to detect patients with higher and lower lung recruitability with good sensitivity and specificity. The sensitivity and specificity of the present study were significantly better than those obtained by computing the respiratory physiological variables (gas exchange, dead space, and respiratory compliance) to detect lung recruitment [11] .
The limitations of visual anatomical analysis are: first, the interobserver variability of the operators in assessing the extension of the consolidated area in the bronchopulmonary segments. Second, the ability to detect the single segments of each lobe by recognizing the anatomic boundaries. Third, the difficulty of extrapolating the present results to all intensive care physicians because only two radiologists carried out the present analysis.
Fourth, the impossibility of estimating the change in the hyperinflated area, thus not allowing the computation of any form of overinflation. However, it must be stressed that even the quantitative lung CT scan analysis is not an ideal method to estimate the hyperinflation; in fact the traditional thresholds for the hyperinflated compartment may be hardly reached in the lung in which the baseline density is greatly increased as a result of the increased tissue mass.
Conclusions
Visual anatomical analysis can classify patients into those with a high or low recruitability with sufficient sensitivity and specificity. Hence this simple method could be used as an additional diagnostic tool to titrate a more physiologic mechanical ventilation. Further studies are needed to evaluate the benefit of selecting PEEP according to lung recruitability in terms of morbidity and outcome.
